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ABSTRACT 
A spacec ra f t  module, t o  be i n t e g r a t e d  w i t h  t h e  FLTSATCOM spacec ra f t ,  was 
t e s t e d  i n  a s imu la ted  o r b i t  environment separate f rom t h e  hos t  spacec ra f t .  
Thermal-vacuum t e s t i n g  o f  t h e  module was accomplished u s i n g  i n t e r n a l  I R  h e a t i n g  
r a t h e r  than conven t iona l  e x t e r n a l  heat sources. For t h i s  c o n f i g u r a t i o n ,  t h e  
techn ique  produced boundary c o n d i t i o n s  s u f f i c i e n t l y  s i m i l a r  t o  t h e  average 
s t e a d y - s t a t e  c o n d i t i o n s  expected f o r  f l i g h t  t o  enable v e r i f i c a t i o n  o f  system 
performance and thermal des ign d e t a i l s .  
INTRODUCTION 
An EHF module and antenna system b u i l t  a t  M I T  L i n c o l n  Labora to ry  w i l l  be 
i n t e g r a t e d  w i t h  e a c h  TRW FLTSATCOM F l i g h t  7 and  8 spacecraf t .  The module w i l l  be 
a t tached  t o  t h e  a f t  end o f  t h e  s p a c e c r a f t  and t h e  antenna system wi l l  be i n c l u d e d  
a t  t h e  fo rward  end. Together these  a re  known as FLTSAT EHF Package (FEP). The 
FEP arrangement i s  shown i n  F ig .  1. The spacec ra f t  w i l l  be i n  a near-  
geosynchronous o r b i t  . 
The EHF module forms a hexagon, 2.3 m (7.5 ft) across t h e  f l a t s ,  1.2 m 
( 4  f t )  on a s i d e  and 36 cm (14 i n . )  t a l l .  It c o n s i s t s  o f  an aluminum frame, 
s u p p o r t i n g  6 honeycomb panels,  on t h e  i n s i d e  o f  which a re  mounted e l e c t r o n i c  
components. The ou ts ides  o f  t h e  panels a re  covered w i t h  second-surface m i r r o r s  
and w i l l  have m u l t i l a y e r - i n s u l a t i o n  b l a n k e t s  t o  form t h e  m i r r o r  aper tures.  
The EHF module i s  t o  be t h e r m a l l y  i s o l a t e d  t o  min imize impact on FLTSAT- 
COM. Low-conduc t i v i t y  at tachments a re  t o  be used between t h e  EHF module and 
s p a c e c r a f t  module. An i n s u l a t i o n  b l a n k e t  w i l l  span t h e  area between t h e  
sec t i ons .  The t h e r m a l - i n s u l a t i o n  arrangement used a t  t h e  a f t  end o f  p r e v i o u s  
FLTSATCOM spacec ra f t  w i l l  be t r a n s f e r r e d  t o  t h e  a f t  end o f  t h e  EHF module. 
The system was t o  be t h o r o u g h l y  t e s t e d  a t  L i n c o l n  Labora to ry  p r i o r  t o  
d e l i v e r y .  The EHF module was t o  be t e s t e d ,  separate f rom t h e  host  spacec ra f t ,  t o  
boundary c o n d i t i o n s  s i m i l a r  t o  those  expected f o r  f l i g h t .  The thermal  
performance o f  t h e  e l e c t r o n i c  systems i n  vacuum c o u l d  then  be v e r i f i e d  a long  w i t h  
t h e  performance o f  t h e  e x t e r i o r  b l a n k e t s  and r a d i a t i n g  surfaces. Geometric 
c o n s t r a i n t s  o f  t h e  thermal-vacuum f a c i l i t y  prec luded t h e  use o f  s o l a r  s i m u l a t i o n  
o r  e x t e r n a l  I R  sources. The module c o u l d  o n l y  be t e s t e d  i n  a s t a t i o n a r y  p o s i t i o n  
w i t h  minimal c learance between panel faces and t h e  l i q u i d - n i t r o g e n - c o o l e d  shroud. 
The f l i g h t  antenna system was t e s t e d  s e p a r a t e l y  bu t  back-up antenna p o s i t i o n e r s  
* T h i s  work was sponsord by t h e  Department o f  t h e  A i r  Force. The views 
expressed a re  those  o f  t h e  authors and do no t  r e f l e c t  t h e  o f f i c i a l  p o l i c y  
o r  p o s i t i o n  o f  t h e  U. S .  Government. 
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and r e c e i v e r s  were i n c l u d e d  w i t h i n  t h e  module f o r  t e s t  purposes. 
The most p r a c t i c a l  t e s t  method was t o  i n t r o d u c e  I R  r a d i a t i o n  f rom i n s i d e  
t h e  module. Heated panels, i n  t h e  form of a c e n t r a l  hexagon, were p o s i t i o n e d  
i n  t h e  area normal ly  occupied by t h e  FLTSAT apogee k i c k  motor (AKM). Studies 
u s i n g  a mathematical model o f  t h e  t e s t  c o n f i g u r a t i o n  i n d i c a t e d  t h a t  boundary 
c o n d i t i o n s  s u f f i c i e n t l y  s i m i l a r  t o  f l i g h t  c o n d i t i o n s  cou ld  be produced t o  t e s t  
t h e  performance o f  t h e  system and v e r i f y  t h e  spacecra f t  thermal design. 
TEST CONFIGURATION 
The therrnal-vacuum t e s t  f a c i l i t y  i s  shown schemat ica l l y  i n  Fig.  2 w i t h  t h e  
module i n s t a l l e d  on t h e  t r a n s p o r t e r .  The vacuum chamber had a 2.4 m ( 8  f t )  
i n s i d e  diameter and was 8.2 m (27 f t )  long. The t r a n s p o r t e r  r o l l e d  i n  f o r  
i n s t a l l a t i o n  and t h e  t r a c k ,  e x t e r n a l  t o  t h e  tank, was removed. With t h e  module 
i n s t a l l e d ,  t h e  Nor th panel had approx imate ly  18 crn (7 in . )  c learance t o  t h e  c o l d  
w a l l .  The South panel oppos i te  had more c learance because o f  t h e  shape o f  t h e  
vacuum chamber. 
The EHF module was t h e r m a l l y  i s o l a t e d  from t h e  t r a n s p o r t e r  by suppor ts  
i n c o r p o r a t i n g  f i b e r g l a s s  i n s u l a t o r s  and 10-W guard heaters.  Some components o f  
t h e  antenna system and a vacuum gauge were a l s o  mounted on t h e  t r a n s p o r t e r  
i n s i d e  t h e  module. The i n t e r f a c e  w i t h  t h e  host spacecra f t  was no t  s imulated. 
A t o p  view o f  t h e  setup i s  shown i n  Fig.  3. 
The i n t r o d u c t i o n  o f  heat t o  t h e  i n t e r i o r  o f  t h e  EHF module was accom- 
p l i s h e d  us ing  t h e  s m a l l e r  hexagonal s t r u c t u r e  mounted i n s i d e .  This  c e n t r a l  
hexagon was as t a l l  as t h e  module and 0.6 m (2 f t )  on a s ide,  rough ly  t h e  s i z e  
o f  t h e  AKM. The faces were 0.16-crn (1/16 i n . ) - t h i c k  aluminum, p a i n t e d  f l a t  
b lack,  and were t h e r m a l l y  i s o l a t e d  from each o t h e r  and t h e  support  s t r u c t u r e .  
Each face  was equipped w i t h  heaters  and was separa te ly  c o n t r o l l a b l e .  T h i s  
des ign was p a r t i c u l a r l y  a p p r o p r i a t e  because t h e  c e n t r a l  hexagon occupied t h e  
space normal ly  occupied by t h e  spacecraf t  motor and c e n t r a l  support  column. 
The e n t i r e  module was covered w i t h  m u l t i l a y e r - i n s u l a t i o n  b lankets  l e a v i n g  
only t h e  m i r r o r  r a d i a t i n g  aper tures.  The t o p  and bottom openings, between t h e  
module and t h e  c e n t r a l  hexagon and w i t h i n  t h e  c e n t r a l  hexagon, were c losed out .  
B lankets  were a l s o  inc luded i n s i d e  t h e  c e n t r a l  hexagon, between t h e  panels  and 
t h e i  r support  frame. 
MATHEMATICAL MODEL 
A mathematical model o f  t h e  f l i g h t  c o n f i g u r a t i o n  was developed f o r  use w i t h  
t h e  L i n c o l n  Laboratory  T r a n s i e n t  Thermal Analyzer, a network-anal  og, 
f i n i t e - d i f f e r e n c i n g  computer program. Model d e t a i l  i n c l u d e d .  box power 
d i s s i p a t i o n  and weight data, m i r r o r  and i n s u l a t i o n - b l a n k e t  d e f i n i t i o n  on r a d i a t o r  
panels,  i n t e r f a c e s  w i t h  t h e  FLTSATCOM spacecra f t  module, a f t - e n d  s o l a r  heat ing,  
and o r b i t a l  env i  ronrnents. 
The f l  i ght  mathematical model was r e v i  sed t o  descr i  be t h e  t e s t  conf  i gu- 
r a t i o n .  Only t h e  p a r t s  o f  t h e  EHF package inc luded i n  t h e  t e s t  were i n c l u d e d  i n  
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t h e  mathematical model. The s o l a r  a r r a y s  and at tachments t o  t h e  r e s t  o f  t h e  
spacecra f t  were no t  i n c l u d e d  whi l e  t h e  r e c e i  ver f ront -ends and 1 i near a c t u a t o r s  
were. The e x t e r i o r  node r e p r e s e n t i n g  space was rep laced w i t h  one r e p r e s e n t i n g  
t h e  vacuum-chamber c o l d  w a l l .  I t s  temperature was increased t o  -180OC and i t s  
area was reduced t o  account f o r  t h e  p r o x i m i t y  o f  t h e  shroud. The c y l i n d r i c a l  
b lanket  surrounding t h e  AKM was rep laced by t h e  c e n t r a l  hexagon panels. These 
s i x  nodes were g iven mass and i n p u t  power. There was no sun loading. 
A p a r t i a l  hexagon model was used f o r  e a r l y  v e r i f i c a t i o n  o f  t h e  computer 
a n a l y s i s  developed f o r  t h e  panels on t h e  EHF module. A separate mathematical 
model was d e r i v e d  t o  p r o v i d e  p r e d i c t i o n s  w i t h  which t o  compare r e s u l t s .  Test 
d e t a i l  and emphasis were concentrated on panels where high-power-densi ty boxes 
were loca ted .  The Nor th and South panels (panels  2 and 5 ) ,  where thermal  
doublers  were used, were t e s t e d  separa te ly .  The o u t s i d e  face  of t h e  Nor th  
panel conta ined f i l m  heaters  beneath t h e  s i l v e r e d  T e f l o n *  tape used t o  s i m u l a t e  
m i r r o r s .  These heaters  produced boundary c o n d i t i o n s  c o n s i s t e n t  w i t h  s o l a r  
h e a t i n g  on t h e  N o r t h  panel a t  e n d - o f - l i f e  (EOL) summer s o l s t i c e .  The r e s u l t s  
o f  these t e s t s  c o r r e l a t e d  w e l l  w i t h  t h e  mathematical model. D e t a i l s  o f  t h e  
math model d e r i v e d  f o r  t h e  t e s t  were i n c o r p o r a t e d  i n t o  t h e  f l i g h t  model f o r  use 
as a des ign t o o l  and f o r  f l i g h t  p r e d i c t i o n s .  
Boundary c o n d i t i o n s  f o r  t h e  f l i g h t  system t e s t  cou ld  then be chosen t o  
produce module temperatures s i m i  1 a r  t o  those expected i n  o r b i t  . I n i  ti a1 ly 
power l e v e l s  f o r  t h e  heated c o n t r o l  panels were es t imated  by conduct ing a 
d e t a i l e d  account ing o f  average s o l a r  h e a t i n g  on panels and i n s u l a t i o n ,  and com- 
p a r i n g  t h e  r e s u l t s  w i t h  t h e  t e s t  c o n f i g u r a t i o n .  Net heat losses through a l l  
i n s u l a t i o n  b lankets  f a c i n g  t h e  c o l d  shroud were considered i n  t h e  o v e r a l l  
account ing,  and t h e  n e t  power l e v e l s  were ad jus ted  t o  compensate f o r  these 
losses. The power l e v e l s  were then f ine- tuned t o  produce temperature 
d i s t r i b u t i o n s  which were s i m i l a r  t o  t h e  var ious  average s teady-s ta te  c o n d i t i o n s  
expected f o r  f l  i ght  . 
TEST PROCEDURE 
A dry- run thermal -vacuum t e s t  u s i  ng an engi  n e e r i  ng model was conducted i n  
February 1986. The eng ineer ing  model i s  shown i n  F ig .  4 i n  t h e  t e s t  c o n f i g -  
u r a t i o n  bu t  w i t h o u t  any b l a n k e t s  i n s t a l l e d .  Thermal - insu la t ion  b lankets  t o  be 
used i n  t h e  t e s t  were f i r s t  f i t t e d  t o  t h e  eng ineer ing  model and i n s t a l l e d  on t h e  
f l i g h t  module a f t e r  t h e  d r y  run. The eng ineer ing  model was inst rumented and data 
were taken t o  t e s t  t h e  c o n t r o l  concept and v e r i f y  a mathematical model o f  t h e  
t e s t  setup, p a r t i c u l a r l y  w i t h  respec t  t o  t h e  c e n t r a l  hexagon and t h e  module 's 
p r o x i m i t y  t o  t h e  c o l d  w a l l .  Three s t a t e s  resembl ing those o f  t h e  f l i g h t  system 
t e s t  were examined: s imu la ted  vacuum-bake, power-up, and b e g i n n i n g - o f - l i f e  (BOL) 
equinox average. 
The thermal-vacuum t e s t  o f  t h e  f l i g h t  EHF module was conducted i n  A p r i l  
1986. F i g u r e  5 shows t h e  f l i g h t  module i n  t h e  t e s t  c o n f i g u r a t i o n .  Func t iona l  
t e s t s  were conducted under boundary c o n d i t i o n s  c o n t r o l l e d  w i t h  t h e  c e n t r a l  
hexagon. O r b i t a l  average c o n d i t i o n s  o f  BOL equinox, EOL summer and w i n t e r  
*Teflon: p o l y t e t r a f l u o r o e t h y l e n e  r e s i n  manufactured by E. 1. du Pont de 
Nemours & Co., Inc.  
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s o l s t i c e ,  and BOL c o l d  tu rn-on  were simulated. The range of temperatures was 
rough ly  -20' t o  50OC. 
Preceding t h e  s t a r t  o f  t e s t i n g ,  t h e  vacuum chamber was pumped down w i t h o u t  
l i q u i d  n i t r o g e n  i n  t h e  c o l d  w a l l .  The c e n t r a l  hexagon was used a t  t h i s  t i m e  t o  
heat  one panel s e l e c t i v e l y  i n  o rder  t o  p r o v i d e  a p r e c o n d i t i o n i n g  vacuum-bake 
environment. A t  t h e  end o f  t e s t i n g ,  d u r i n g  purge o f  t h e  c o l d  w a l l ,  heat f rom 
t h e  c e n t r a l  hexagon mainta ined module temperatures w i t h o u t  power t o  t h e  module. 
Under these c o n d i t i o n s  t h e  f 1 e x i  b i  1 i ty o f  1 oca1 c o n t r o l  was benef i c i  a1 . 
Only s teady-s ta te  e q u i l i b r i u m  c o n d i t i o n s  were examined. E q u i l i b r i u m  was 
def ined f o r  t h e  engineering-model t e s t  as no temperature change g r e a t e r  t h a n  
l 0 C  i n  one hour. Th is  was r e v i s e d  t o  1 ° C  i n  two hours f o r  t h e  f l i g h t - s y s t e m  
t e s t .  
TEST RESULTS 
Most o f  t h e  temperatures measured i n  t h e  engineering-model t e s t  were 
w i t h i n  2OC o f  mathematical-model c a l c u l a t i o n s .  D e t a i l s  of t h e  t e s t  setup, 
i n c l u d i n g  t h e  c e n t r a l  hexagon and t h e  vacuum-chamber c o l d  w a l l ,  were modeled t o  
s u f f i c i e n t  accuracy. 
I n  t h e  f l i g h t  EHF-module t e s t ,  t h e  m a j o r i t y  o f  measured temperatures were 
w i t h i n  5°C o f  p r e d i c t i o n s .  Some o f  t h e  h ighes t  and lowest power boxes exhib-  
i t e d  t h e  l a r g e s t  d iscrepancies,  approaching 7 O C ,  but  i n  favorable d i r e c t i o n s .  
A high-power box was c o o l e r  than expected because of a l a c k  of model d e t a i l  
d e f i n i n g  t h e  l o c a t i o n  o f  t h e  h ighes t  power sect ions.  Some low-power boxes were 
s e n s i t i v e  t o  ohmic heat ing  o f  t h e  w i r i n g  harness, which l i n e d  t h e  per imeter  o f  
t h e  s t r u c t u r e ,  and were warmer than expected. 
Panel- temperature d i s t r i b u t i o n s  were c l o s e  t o  those expected f o r  average 
s teady-s ta te  c o n d i t i o n s  i n  o r b i t .  The Table l i s t s  some r e p r e s e n t a t i v e  measured 
temperatures and mathematical-model est imates f o r  t h e  t e s t  arrangement. 
Corresponding est imates f o r  average o r b i t a l  c o n d i t i o n s  a r e  a l s o  l i s t e d  f o r  com- 
par ison .  No changes were made t o  t h e  e x i s t i n g  p a n e l - i n s u l a t i o n  l a y o u t  o r  
m i  r r o r - a p e r t u r e  areas. 
It i s  p a r t i c u l a r l y  noteworthy t h a t  temperature g r a d i e n t s  produced a t  
h igh-power-densi ty boxes were s i m i l a r  t o  those expected i n  f l i g h t .  One u n i t  on 
t h e  South panel d i s s i p a t e d  almost 50 W. The temperature d i f f e r e n c e  between t h e  
box s i d e w a l l  and t h e  panel mounting area was est imated t o  be 7°C f o r  EOL w i n t e r  
c o n d i t i o n s .  A corresponding g r a d i e n t  o f  8 O C  was produced i n  t h e  EOL w i n t e r  
t e s t .  The i n t e r n a l  I R  h e a t i n g  technique d i d  reproduce t h i s  t y p e  o f  temperature 
d i  s t  r i  b u t i  on. 
CONCLUSIONS 
I n  t h i s  c o n f i g u r a t i o n ,  t h e  method o f  c o n t r o l  worked as intended. The 
c e n t r a l  hexagon supp l ied  heat  f rom i n s i d e  t h e  module t o  produce boundary 
c o n d i t i o n s  s i m i l a r  t o  those expected i n  f l i g h t .  The technique prov ided 
f l e x i  b i  1 i ty f o r  temperature c o n t r o l  d u r i n g  var ious  phases o f  vacuum-chamber 
opera t ion .  I n t e r n a l  I R  r a d i a t i o n  was a v i a b l e  o p t i o n  f o r  t e s t i n g .  
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Figure 3. EHF module and central hexagon, top and panel blankets removed 
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Figure 5.  EHF module in thermal-vacuum test 
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